Influence of growth parameters on the perpendicular magnetic anisotropy of [Co/Ni] multilayers and its temperature dependence
Resolving the controversy of a possible relationship between perpendicular magnetic anisotropy and the magnetic damping parameter We use broadband ferromagnetic resonance spectroscopy to systematically measure the LandauLifshitz damping parameter, perpendicular anisotropy, and the orbital moment asymmetry in Co 90 Fe 10 /Ni multilayers. No relationship is found between perpendicular magnetic anisotropy and the damping parameter in this material. However, inadequate accounting for inhomogeneous linewidth broadening, spin-pumping, and two-magnon scattering could give rise to an apparent relationship between anisotropy and damping. In contrast, the orbital-moment asymmetry and the perpendicular anisotropy are linearly proportional to each other. These results demonstrate a fundamental mechanism by which perpendicular anisotropy can be varied independently of the damping parameter. [http://dx.doi.org/10.1063/ 1.4892532] In recent years, there has been significant controversy as to whether perpendicular magnetic anisotropy and the Landau-Lifshitz damping parameter are positively correlated in magnetic multilayer/superlattice materials such as Co/Ni, Co/Pt, and Co/Pd. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] If, in fact, the damping parameter and anisotropy are directly related, this relationship would have negative consequences for applications such as spin-transfer torque random-access memory (STT-MRAM) or spin-torque oscillators. For STT-MRAM, thermal stability requires increased anisotropy with decreased device size. However, the switching current density is proportional to the product of the damping parameter and the anisotropy energy density and therefore demands a small damping parameter. 15 Similarly, spin torque oscillators require high anisotropy to generate high frequencies at low bias field, but require low damping to increase power output at lower currents. 16 The suggestion that anisotropy and damping are related stems from the theory of R. J. Elliott for semiconductors with spin-orbit coupling (SOC), wherein he calculated that the spin relaxation time for carriers should be linearly proportional to 1/(g À 2) 2 , where g is the spectroscopic gÀfactor.
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It has been speculated that a similar relationship exists between the damping parameter and magnetocrystalline anisotropy in ferromagnets, given that both phenomena are dependent on the spin-orbit interaction. For example, the theory for intraband magnon-electron scattering postulates that SOC facilitates elastic scattering of the magnon angular momentum by the lattice. 18, 19 By this theory, recent analytical and ab initio calculations have determined that the damping parameter a is proportional to either n 2 or n 3 , where n is the averaged spin-orbit coupling parameter. 18, 20, 21 On the other hand, a basic relationship between magnetocrystalline anisotropy energy (MAE) and SOC was proposed by Bruno
where A is a band-structure-dependent factor varying between 0 and 0.2, l B is the Bohr magneton, and Dl L is the volume-averaged difference in orbital moment between the perpendicular and in-plane magnetization axes. Equation (1) indicates that the MAE is linearly proportional to n to lowest order, although for many systems higher-order terms are also required. [23] [24] [25] The assertion that a direct relationship exists between anisotropy and damping rests on the assumption that changes in the magnitude of n are the sole cause of anisotropy variation from sample-to-sample. While this could be true for certain classes of materials, 26 this assumption cannot be generalized to the case of multilayers and superlattice materials, where anisotropy due to surface/interface effects is varied by changes in the thicknesses of the individual layers. As a conceptual demonstration, consider that the perpendicular anisotropy in these multilayers can be mostly eliminated solely by increasing the magnetic layer thickness. However, only a significant change in crystalline structure could cause a change in n, when either layer thickness or the number of bilayer repeats is varied: an unlikely scenario if interfacial anisotropy is dominant.
Despite the lack of plausibility that n depends strongly on the dimensional parameters for multilayers, several publications claim to have shown a causal relationship between anisotropy and damping in multilayer/superlattice materials, 7, 8, 10 while, at the same time, other publications have excluded any such relationship. [2] [3] [4] [5] [6] 11, 12 This abundance of conflicting data is exemplified by two recent publications by the same group, where the first reports no correlation between anisotropy and damping in Co/Ni multilayers, 6 while the second reports a direct relationship between anisotropy and damping. 7 In both cases, nearly identical samples and measurement techniques were used. Such a disparity suggests that the measurement and/or analysis needed to determine the intrinsic damping parameter could be problematic, given the presumption that the physics underlying damping and anisotropy for such a material system are identical for both studies. In this Letter, we provide a detailed examination of the dependence of anisotropy and damping on dimensional parameters for Co 90 Fe 10 /Ni multilayers. We show conclusively that variation of the orbital-moment asymmetry, and not a change in n, is the fundamental mechanism by which the anisotropy is altered, and that the damping parameter is independent of such a mechanism. In addition, we explicitly demonstrate how improper accounting for spin-pumping, 5, 12, 27, 28 two-magnon scattering, [29] [30] [31] and inhomogeneous broadening [32] [33] [34] can lead to a spurious dependence of damping on anisotropy.
Co 90 Fe 10 /Ni multilayers were dc magnetron sputter deposited at 0.5 mTorr of Ar in a vacuum chamber with a base pressure of 10 À7 Pa (10 À9 Torr). The Co 90 Fe 10 /Ni multilayers consist of eight bi-layers of Co 90 Fe 10 (t CoFe )/Ni(rÁt CoFe ), where r is the ratio of Ni thickness to the thickness of Co 90 Fe 10 . We include an additional Co 90 Fe 10 layer at the top interface to maintain a symmetric structure. The total thickness t of the multilayer is t ¼ 8(1 þ r)t CoFe þ t CoFe .
Broadband (1-40 GHz) vector-network-analyzer ferromagnetic resonance (VNA-FMR) measurements were performed in the perpendicular geometry. Samples were placed face down on a coplanar waveguide (CPW) and the complex transmission parameter (S 21 ) through the CPW was measured at a fixed frequency as the magnetic field was swept through resonance. The resonance is fit to the complex dynamic susceptibility derived from the Landau-Lifshitz equation as described in Ref. 35 . An example of the real and imaginary part of the resonance along with a fit to the dynamic susceptibility is shown in the inset of Fig. 1 . From these fits, the resonance field H res and field-swept linewidth DH are determined at each value of frequency f. The relationship between f and H res in the perpendicular geometry is described by the Kittel equation
where g ? is the spectroscopic g-factor for the perpendiculargeometry, l 0 is the permeability of free space, h is the reduced Planck's constant, M eff ¼ M s À 2 K/(l 0 M s ) is the effective magnetization, M s is the saturation magnetization, and K is the perpendicular anisotropy energy density in units of J/m 3 . Here, we neglect higher-order anisotropy terms that were previously found to be %10% of the first order term in this material. 5, 36 From this definition, a negative value of M eff indicates a perpendicular easy axis. Plots of H res versus f for several samples are shown in Fig. 1(a) , along with fits to Eq. (2). M eff (i.e., the negative of the y-intercept) varies from negative (out-of-plane) to positive (in-plane).
Since our measurements are taken in the perpendicular geometry, two-magnon contributions to the linewidth can be excluded. 37 Both the Landau-Lifshitz damping parameter a and inhomogeneous broadening DH 0 are extracted from a fit of DH versus f to the following equation:
This is in contrast to cases where FMR is observed via frequency-swept measurements, or from time-domain, pump-probe data analyzed via fitting to an exponentially damped sinusoid, [6] [7] [8] [9] [10] [11] or spectral analysis of the Fourier transform of such time-domain data. 39 In those cases, the linewidth is related to the damping via
where Df is the full-width at half-maximum frequency-swept linewidth of the imaginary part of the susceptibility, and the dimensionless parameter P A (f) ¼ (4p/jcjl 0 )@f/@H res is the frequency-dependent factor that accounts for the ellipticity of the precessional orbit. 40 The linewidth Df and the freeinduction decay time s are related by pDf ¼ 1/s. In those cases, accurate extraction of a and DH 0 require detailed knowledge of the magnetization dynamics that are not independently contained in either the individual FMR spectra or time-domain traces. Experimental extraction of the ellipticity correction requires the determination of the slope of frequency vs. resonance field. Hence, single-frequency measurements of damping via time-domain techniques are indeed prone to systematic errors that are avoided in the field-swept methods employed here. we will provide a more detailed analysis of this variation below.
In Fig. 2(a) , we present data for a vs. M eff , for sample sets with r ¼ 2, 3, and 5 in order to determine if a relationship exists between the K and a. For all three sets of samples, a is constant over the entire range of M eff that spans a range >1.5 T. The difference in a between the three sample sets is because of the different Ni:Co 90 Fe 10 ratio for the three sample sets, i.e., samples with larger Ni:Co 90 Fe 10 exhibit larger damping. 2 In the present samples, the choice of a Ta/Cu seed and capping layer minimizes the spin pumping contribution to the damping. 27, 41 Based on parameters in Ref. 41 , we estimate the damping enhancement for the thinnest samples to be only %0.0017. This effect can be observed in the small increase in damping for the thinnest multilayers with the largest perpendicular anisotropy, which agree with our expectations for spin-pumping in this system.
In contrast to a, DH 0 shows a strong dependence on M eff , as shown in Fig. 2(b) . In fact, as M eff becomes negative, DH 0 increases rapidly in a nonlinear fashion. Surprisingly, the data for all three sample-sets are coincident. For the samples with the largest perpendicular anisotropy, DH 0 is over 200 times larger than the smallest values observed for these samples. One source of inhomogeneity in these materials was previously found to originate from the anisotropy variation across the material. 42 However, the functional dependence of DH 0 on anisotropy is not yet understood.
The data in Fig. 2(b) can be used to demonstrate how an analysis of linewidth data, which include inhomogenous broadening effects, can lead to an erroneous functional dependence between a and anisotropy, if the slope and intercept of DH vs. f are not explicitly and precisely determined. For example, if an effective damping a eff at a single frequency were to be determined from a eff ¼ (2pfsP A )
À1
, such a value would be related to the intrinsic damping a via
For the data in Fig. 2(b) , we see from Eq. (5) that a eff increases with increasing anisotropy as a result of the strong relationship between DH 0 and anisotropy, but is also influenced by the relationship between f and the anisotropy specified in Eq. (2). However, this increase in a eff would not be a result of an actual increase in the intrinsic damping. This effect is explicitly shown in Fig. 3 , where a eff is plotted as a function of frequency for two samples; one with larger DH 0 (perpendicular anisotropy) and one with a smaller DH 0 (inplane anisotropy). For reference, the value of the intrinsic damping parameter a for the samples is also displayed in the plot. A large variation of a eff is seen depending on the value of DH 0 and frequency, which is always greater than the intrinsic value a. The data show that only when f ! 1 does the value of a eff becomes equal to a, which is also consistent with analysis of Eq. (5). We also see from Eq. (5) how one must also account for the dependence of H res on f, which can be nontrivial for an arbitrary angle of the static component of the magnetization. In addition, one must additionally account for two-magnon scattering [not included in Eq. (5)], if the static magnetization is not perpendicular to the plane. Finally, the phenomena of low-field-loss and field-dragging must also be taken into consideration, whereby the linewidth (and therefore, a eff ) can anomalously increase with decreasing frequency, presumably due to either the incomplete saturation of the magnetization at low applied field or misalignment of the magnetization and the applied field, respectively. 43, 44 In short, without data over either a broad angle-or frequencyrange, a cannot be accurately extracted; only a frequencyspecific effective damping can be determined.
These compounding effects, and the potential for misinterpretation, are further demonstrated in Fig. 4 , where DH vs. f is plotted for measurements taken in both the out-ofplane and in-plane geometries for several samples. For the samples with higher anisotropy, there is not only a large difference between the out-of-plane and in-plane data but also the in-plane data are not always linear with frequency. This increased linewidth for the in-plane geometry was previously reported for Co/Ni multilayers, and explained in terms of two-magnon scattering and low-field loss. 45 Since both K and a are proportional to n, the absence of any discernable correlation between a and M eff suggests that n is not varying significantly among samples of a given r. From Eq. (1), we see that K is also proportional to the orbital moment asymmetry Dl L . Such orbital asymmetry can have numerous physical origins. In our case, it is the symmetry-breaking introduced by the Co 90 Fe 10 /Ni interface. Conveniently, Dl L can also be determined via a precise measurement of the spectroscopic gÀfactor for both out-of-plane and in-plane geometries with VNA-FMR. 36, [46] [47] [48] We repeated the FMR measurements for the in-plane geometry to determine the in-plane spectroscopic gÀfactor, g jj . The Kittel equation that describes the relationship between H res and f is given by
Using the methods outlined in Ref. 48 , we determine Dl L for the sample set of r ¼ 3, which is plotted as a function of M eff in Fig. 2(c) . We see a linear proportionality between M eff and Dl L as predicted by Eq. (1). Thus, these data confirm that variation of K in Co 90 Fe 10 /Ni samples stems from the orbital-moment asymmetry, and not from changes in n. This discovery is significant since we demonstrate a fundamental mechanism by which perpendicular anisotropy can be varied independently of a.
While we have shown the absence of a relationship between a and perpendicular anisotropy in Co 90 Fe 10 /Ni, we stress that this is likely not true for all materials that exhibit a perpendicular anisotropy. Indeed, the orbital asymmetry is always coupled to the spin degree of freedom via the spinorbit interaction. In L1 0 ordered materials such as FePt, for example, the spin-orbit parameter can vary substantially depending on the stoichiometry and order parameter. 26, 49, 50 In this case, the perpendicular anisotropy does not originate at the interface, but rather in the crystal structure. Firstprinciple calculations indicate that changes of K in L1 0 ordered FePt result directly from variations of n. As such, the magnon-electron scattering model predicts that a and K should be proportional. 21 In summary, we find no relationship between perpendicular anisotropy and the damping parameter in Co 90 Fe 10 /Ni multilayer samples. In contrast, there is a nonlinear relation between DH 0 and K, characterized by a strong increase in DH 0 with increased perpendicular anisotropy. We show how linewidth measurements over an insufficient frequency range could be adversely affected by such a nonlinear dependence of DH 0 on K, with the possibility to explain divergent reports of the dependence of a on K in multilayer systems, when in actuality it is a dependence of a eff on K that is being reported. Since both K and a are functions of the SOC, our data show that SOC does not vary significantly from sample to sample when varying magnetic layer thickness. The perpendicular anisotropy is instead found to originate in the asymmetry of the orbital moment. Thus, we conclude that a is not a strong function of the orbital anisotropy, with the implication that K and a can be independently tuned for superlattice samples with interfacial anisotropy.
